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Letter reSeArCH values, persisting until the end of their extended lifespan. Paradoxically, however, when bodyweights of mice fed ad libitum approached the weight of diet-restricted mice, they died (Extended Data Fig. 1a-d ).
As the extension of lifespan can be unrelated to ageing 18 , we examined key ageing parameters. Ercc1 ∆/− mutants exhibit exceptionally wide multi-morbidity, consistent with the notion that this protein is implicated in multiple DNA repair processes, including both transcription-coupled and global-genome nucleotide excision repair (NER) and crosslink repair 2 . Ageing in Ercc1 ∆/− mice involves proliferative and post-mitotic organs, including the nervous system, liver, kidney, bone marrow, retina, muscle and the cardiovascular, skeletal, and gonadal systems 1-4 . Additionally, they exhibit progressively declining vision and hearing, sarcopenia, cachexia, overall frailty and a variety of other features of ageing, many of which are also noted in XpF/Ercc1 (XFE) and other related human syndromes 1, 20, 21 . Multisystem cross-sectional analyses showed that dietary restriction strongly attenuated virtually all features of premature ageing that were investigated, including anisokaryosis in the liver and kidney, formation of polyploid liver nuclei, kidney tubulonephrosis, osteoporosis, vascular dilatation, B-and T-cell immune parameters and testicular degeneration ( Fig. 1e-h Table 1 ). Although the premature-ageing phenotype displays extreme multi-morbidity, an important cause of death of Ercc1 ∆/− mice is the progressive neurodegeneration that parallels NER-deficient premature ageing conditions in humans 22, 23 . Considering this translational relevance, we analysed neurological function in more detail. Longitudinal examination of behavioural abnormalities showed that the onset of tremors, imbalance, and paresis were greatly postponed or even absent in Ercc1 ∆/− and Xpg −/− mice that underwent continuous or temporary dietary restriction regimes ( Fig. 2a -c, Extended Data Fig. 4 and Supplementary Video 1). Dietary restriction strongly improved motor function in Ercc1 ∆/− mice; at 16 weeks of age mice fed ad libitum displayed severe locomotor problems and frequently fell, whereas diet-restricted mice were fully capable of running ( Fig. 2d and Supplementary Video 2). Even at ages far beyond the lifespan of mice fed ad libitum, locomotor function is well preserved in mice undergoing dietary restriction ( Fig. 2e ). In line with behavioural data indicating that neurological decline was virtually stopped, neurodegenerative pathology was strongly diminished by dietary restriction (including retinal photoreceptor loss, Golgi abnormalities, axonal swellings, astrocytosis and microgliosis) (Extended Data Figs 2e, 5, 6a, b). Notably, stereological counting revealed that diet-restricted animals retained approximately 50% more neurons in the neocortex than controls fed ad libitum (Fig. 2f ), while the number of non-neuronal cells was similar (Extended Data Fig. 6c ). Likewise, significantly more motor neurons were preserved in the spinal cord upon dietary restriction ( Fig. 2g ). These findings indicate that dietary restriction greatly improves health and lifespan in both Ercc1 and Xpg repair-deficient mice and in particular attenuates neurodegeneration.
, Extended Data Figs 1-3 and Supplementary
To examine whether the effects of dietary restriction in Ercc1 ∆/− mice resemble those in wild-type mice, we compared full-genome liver mRNA expression profiles in 11-week-old mice. Unbiased principal-component analysis of four groups: wild-type ad libitum (AL WT ), Ercc1 ∆/− ad libitum (AL Ercc1 ), wild-type with 30% dietary restriction (DR WT ) and Ercc1 ∆/− with 30% dietary restriction (DR Ercc1 ) revealed clear uniformity within and distinction between them, primarily based on dietary restriction and genotype ( Fig. 3a ). Of the 1,106 differentially expressed genes (DEGs) seen in DR Ercc1 mice, around twothirds were also seen in DR WT mice. Pertinently, expression levels of 684 out of the 688 common DEGs are also changed in the same direction in DR WT and DR Ercc1 mice (Table 1 and Extended Data Table 1) , indicating strong mechanistic parallels between both dietary restriction responses, Dietary restriction was initiated at 7 weeks of age with 10% restriction, and increased weekly by 10%, until 30% was reached from 9 weeks onward. Remaining median and maximum lifespan are indicated (week 8 was considered the start of effective dietary restriction). Simultaneously, a cohort of Ercc1 ∆/− (c) and Xpg −/− (d) mice underwent temporary dietary restriction for 6 weeks (30% dietary restriction from 6 to 12 weeks) (green; n = 8 animals per group, 4 of each gender). P values were calculated by the log-rank test. e, Quantification of 16N nuclei in hepatocytes of ad libitum or dietary restriction male Ercc1 ∆/− mice by FACS analyses; n = 5 animals per group. f, Trabecular bone volume fraction (bone volume/tissue volume of interest, BV/TV) in femurs of Ercc1 ∆/− male mice, measured using micro-CT. Ad libitum-and dietary restrictiontreated animals were analysed at different ages with n ≥ 6 animals per group. g, Age-dependent decline of vasodilatation in Ercc1 ∆/− aorta segments, ex vivo. Dietary restriction-Ercc1 ∆/− aorta segments show significantly more relaxation at age of 16 weeks than ad libitum-Ercc1 ∆/− aorta. ACh, acetylcholine. h, Frequency of CD4 + CD25 + Foxp3 + T-regulatory cells among all CD4+ T cells from spleen of 16-week-old Ercc1 ∆/− mice under dietary restriction or ad libitum and aged-matched wild-type controls. n ≥ 3 animals per group. Error bars denote mean ± s.e. *P < 0.05, **P < 0.01, ***P < 0.001. , DR Ercc1 (red triangles), AL WT (black circles) and DR WT (purple triangles) mice. This analysis takes into account all the genes in the microarray platform. The two main principal components, PC1 and PC2, explain 52% of the variability in the original data set: PC1 (x axis, 33%) differentiates on the basis of expression changes induced by dietary restriction, independent of genotype; PC2 (y axis, 19%) reflects differences associated with genotype. b, c, Relative frequency plot of gene length (log scale) of DEGs in DR WT versus AL WT (purple dashed lines), AL Ercc1 versus AL WT (blue lines) and DR Ercc1 versus AL WT (red lines). b, Only upregulated genes. c, Only downregulated genes. Black arrows, extra peak of upregulated short genes (b) and peak of downregulated long genes (c) in AL Ercc1 mice. d, Relative frequency plot of gene length of DEGs in hippocampus from ~80-year-old humans versus ~20-year-old humans. Red, upregulated genes; green, downregulated genes. The DEGs from human hippocampus were selected using a log 2 -fold change cut-off of 0.5 and FDR < 0.05. The data set used corresponds to NCBI gene expression omnibus, number GSE11882. e, f, p53-positive cells counted in the neocortex of three consecutive transverse brain sections (e) at the level of the bregma (Mouse Brain Atlas, Paxinos) and three consecutive C6 cervical spinal cord sections (f). Sections from 16-week-old DR Ercc1 mice (n = 4) show significantly reduced levels of p53-positive cells (P < 0.0001 for neocortex and P = 0.0002 for spinal cord) than sections from AL Ercc1 mice (n = 4). g, Relative expression changes in the p53 target gene p21 in 11-week-old wild-type and Ercc1 ∆/− mice induced by dietary restriction (n = 5) h, γH2AX-positive Purkinje (PkJ) neurons were counted in cerebellum of five consecutive transverse brain sections from AL Ercc1 and DR Ercc1 mice (P = 0.014). Error bars indicate mean ± s.e. *P < 0.05, **P < 0.01, ***P < 0.001. i. Mechanistic model for the anti-ageing effect of dietary restriction.
Letter reSeArCH consistent with overlapping Gene Ontology pathways and transcription factors ( Supplementary Table 2 ). Molecular analyses of insulin, mTOR and GH/IGF1 signalling pathways and microRNA expression, amongst others, further support the parallels between DR WT and DR Ercc1 gene expression (for example, the GHR gene, already suppressed in AL Ercc1 mice is further reduced upon dietary restriction; Extended Data Figs 1f, 7, 8a-e). These data revealed also an unexpected link between Ercc1-related DNA-repair deficiency and the unfolded-protein response (Extended Data Table 1 and Supplementary Table 2 ).
Transcription-coupled repair (TCR) deficiencies, which prevent resumption of RNA synthesis after transcription-blocking DNA damage in Ercc1 ∆/− mice, other mouse mutants and human patients, appear to be uniformly associated with premature ageing, affecting non-or slow-proliferating organs such as the nervous system, liver and kidney in particular 2 . This suggests that time-dependent accumulation of transcription-blocking lesions contribute to accelerated ageing. Since DNA damage occurs stochastically, long genes generally accumulate more lesions and consequently become more transcriptionally crippled than short genes. Indeed, the DEGs of AL Ercc1 liver gene expression profiles at 11 weeks displayed a highly significant bias for long genes to be overrepresented in the class of downregulated genes and underrepresented in the category of upregulated genes (Fig. 3b , c, arrows). These and other data (Table 1 and Extended Data Table 2 ) suggest genome-wide accumulation of transcription-stalling lesions. We observed a similar, albeit milder, expression bias upon normal ageing in rat liver and human hippocampus ( Fig. 3d and Extended Data Fig. 8f ). Notably, dietary restriction in Ercc1 ∆/− mice strongly retarded this expression shift (red curve in Fig. 3b , c, and Extended Data Table 2) .
That there were reduced DNA damage loads in DR Ercc1 mice is supported by an observed reduction in p53-expressing cells in the brain (Fig. 3e , f and Extended Data Fig. 6d ), diminished apoptosis of retinal photoreceptors (Extended Data Fig. 6a ) and preservation of neurons ( Fig. 2f , g). We also found evidence for the suppression of p53 transcriptional activity in the liver of DR Ercc1 mice ( Supplementary Table 2 ), further supported by dietary restriction-induced downregulation of expression of the microRNA miR-34a, a target of p53 (Extended Data Fig. 8c ). Additionally, key senescence parameters, which were elevated in AL Ercc1 mice, were mitigated by dietary restriction. These include p21 (also known as Cdkn1a) (Fig. 3g ), p16 (Cdkn2a) and Il6 (Extended Data Fig. 8e ). The proportion of Purkinje cell nuclei containing γH2AX foci, which reflect DNA breaks, appeared significantly reduced ( Fig. 3h and Extended Data Fig. 6e ). We conclude that dietary restriction concomitantly delays ageing, attenuates accumulation of genome-wide DNA damage and preserves transcriptional output, in all probability contributing to improved cell viability in Ercc1 mutants (Figs 2f, g and 3c, h).
It seems unlikely that dietary restriction can overcome defects in DNA repair. It may be that dietary restriction reduces the induction and/or alters responses to damage, to which DNA repair mutants may over-respond. Indeed, the expression profiles of diet-restricted mice (Extended Data Figs 7, 8 and Supplementary Table 2 ) suggest that dietary restriction increases resistance to DNA damage-induced stress, improves antioxidant defences, alters insulin and other hormonal signalling pathways (redesigning major metabolic routes such as glycolysis, oxidative phosphorylation and the pentose phosphate pathway), alters mitochondrial function and apoptotic responses and induces a shift from pro-to anti-inflammatory cytokines 10, 24 . Figure 3i presents a model that integrates our findings on dietary restriction, DNA damage and (accelerated) ageing. DNA damage from exogenous and endogenous sources accumulates with ageing and is accelerated in repair-deficient Ercc1 ∆/− mice. Stochastic DNA lesions reduce transcriptional output in a gene-size-dependent manner leading to cell dysfunction and death, stem cell exhaustion, organ and tissue atrophy and functional decline, which together cause ageing-related diseases. Both accumulation of DNA damage and dietary restriction trigger an anti-ageing response, which involves suppression of growth, upregulation of anti-oxidant defences and, presumably, metabolic redesign. This response reduces steady-state levels of reactive metabolites, thereby preserving genome integrity and delaying ageing-related functional decline.
Post-mitotic neurons have to reconcile one of the highest metabolic rates of the body with the preservation of a delicate homeostatic balance for over a century in humans. While everything else in cells can be turned over, the up-to-10 5 daily DNA lesions per cell 25, 26 can only be repaired, requiring continuous efficient repair. That TCR defects are linked with severe neurodegeneration in Cockayne syndrome and trichothiodystrophy (TTD) indicates that removing transcriptionobstructing lesions from the genome is vital for neuronal survival 23 . Using tissue-specific repair mutants, we have shown that neurodegeneration is at least partly cell-autonomous 6, 27, 28 , consistent with endogenous DNA damage being a main driver. The strong protection given by dietary restriction indicates that neurons possess considerable reserves to restrict DNA damage and prevent cell death. Cell-intrinsic mechanisms and systemic inflammatory and hormonal responses modulated by dietary restriction may contribute to the remarkable resilience of the neuronal system; they protect 50% more neurons from death, postpone the onset of tremors, imbalance and paresis and fully preserve motor performance ( Fig. 2 and Supplementary Videos 1, 2). The notable preservation of neuronal function by dietary restriction in the Ercc1 ∆/− mutant is consistent with increasing evidence for the beneficial effects of dietary restriction in animal models of various neurodegenerative disorders 29, 30 and opens the door to nutritional and pharmacological interventions that could prevent the onset of these devastating diseases.
The strong evolutionary conservation of the dietary-restriction response, and the notable parallels between mouse and human symptoms, mean it is likely that the effect of dietary restriction is preserved from mouse to man. Therefore, an obvious future application may be the counterintuitive use of dietary restriction or pharmaceutical mimetics to treat DNA-repair-defective progeroid syndromes. Besides Cockayne syndrome and TTD, this may apply to xeroderma pigmentosum, combined xeroderma pigmentosum/Cockayne syndrome, cerebro-oculo-facio-skeletal (COFS) syndrome, Fanconi's anaemia, the RecQ-helicase-dysfunction driven family of conditions (Werner, Bloom's and Rothmund Thomson syndrome), ataxia telangiectasia, and others. Additionally, repair-deficient mice could prove to be useful tools for understanding anti-ageing interventions and helping to find alternatives to dietary restriction by strongly reducing the labour, time, costs and number of animals required, and also for defining the longterm health effects of nutrition.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. The number of differentially expressed gene (DEG) probes are shown for wild-type (WT) and Ercc1 ∆/− liver under dietary retricted (DR) and ad libitum (AL) conditions. *P = 0.019 (Chi-square test with Yates correction).
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METhODS
Mouse models. The generation and characterization of Ercc1 ∆/+ and Ercc1 +/− mice have been previously described 16 . Ercc1 ∆/− mice were obtained by crossing Ercc1 ∆/+ (in a pure C57BL6J or FVB background) with Ercc1 +/− mice (in a pure FVB or C57BL6J background respectively) to yield Ercc1 ∆/− offspring with a genetically uniform F1 C57BL6J/FVB hybrid background (see ref. 6 for motivation). Wild-type F1 littermates were used as controls. Xpg −/− mice have been characterized previously 6 and were generated by crossing Xpg +/− (in a pure C57BL6J background) with Xpg +/− mice (in a pure FVB background). Hence, all animals used in the studies described here were of the same F1 C57BL6J/FVB hybrid background. Typical unfavourable characteristics, such as blindness in an FVB background or deafness in a C57BL6J background, do not occur in this hybrid background.
Mice were weighed, visually inspected weekly, and scored in a blinded fashion for gross morphological and motor abnormalities. Since the Ercc1 ∆/− and Xpg −/− mice were smaller, food was administered within the cages and water bottles with long nozzles were used from around two weeks of age. Animals were maintained in a controlled environment (20-22 °C, 12 h light:12 h dark cycle) and were housed in individual ventilated cages under specific pathogen free conditions. Animals were individually housed at the EMC location and group housed at the RIVM location. Experiments were performed in accordance with the Principles of Laboratory Animal Care and with the guidelines approved by the Dutch Ethical Committee in full accordance with European legislation.
For the lifespan studies the indicated number of mice per group for ad libitum and 30% dietary restriction were generated. Additionally, several cross-sectional cohorts were generated. For Ercc1 ∆/− mice we generated groups which were killed at 7, 11, 16 or 30 weeks of age. The 7-week group consisted only of ad libitum-fed animals while the 30-week group consisted only of dietary restriction-treated mice. For wild-type mice, ad libitum-fed and dietary restriction-treated groups were sacrificed at 11, 16 or 20 weeks. Sample size of the lifespan cohorts were based on power analysis. No statistical methods were used to predetermine sample size of cross-sectional cohorts. Animals were divided randomly over all groups to prevent selection bias. All mice were clinically diagnosed daily in a blinded manner and, when moribund, killed, after which necropsy was performed. Animals from cross-sectional cohorts were killed when necropsy age was reached. Organs were stored at −80°C for molecular analysis or (perfusion) fixated in (para) formaldehyde for pathological examinations. Statistics was performed with survival curve analysis using the product-limit method of Kaplan and Meier in GraphPad Prism. Diets. All animals were bred and maintained on AIN93G synthetic pellets (Research Diet Services B.V.; gross energy content 4.9 kcal/g dry mass, digestible energy 3.97 kcal/g). The initial lifespan cohort, shown in Fig. 1a , were fed standard AIN93G pellets containing 2.5 g/kg choline bitartrate. To avoid potential formation of bladder and kidney stones, we replaced choline bitartrate with choline chloride in all subsequent experiments. The amount of dietary restriction was determined in a prior pilot study and food intake of the ad libitum-fed mice was continuously monitored. On average, Ercc1 ∆/− and Xpg −/− mice ate 2.3 g food per day. Dietary restriction was initiated at 7 weeks of age with 10% food reduction (2.1 g/day), when animals reached almost-maximum bodyweight and development was completed. Dietary restriction was increased weekly by 10%, until it reached 30% dietary restriction (1.6 g/day) from 9 weeks of age onward. Temporary dietary restriction was initiated directly with 30% food reduction at 6 weeks of age. These mice received ad libitum food again from 12 weeks onward. Wild-type mice ate on average 3.0 g food per day, resulting in 2.1 g/day for 30% dietary restriction. Food was given to the animals just before the start of the dark (active) period to avoid alteration of the biological clock. Pathology assessment of ageing characteristics. Representative sections from the liver, kidneys, sciatic nerve, testes and femur were processed, stained with haematoxylin and eosin, and microscopically examined in a blinded manner by two board-certified pathologists (SAY, AdB) for the presence of histopathologic lesions. The severity score of lesions was semi-quantitatively assessed. Scores were given as absent (0), subtle (1), mild (2), moderate (3), severe (4), and massive (5) . Digital images from the kidneys and femur cortical bone at mid-shaft area were taken for morphometric analysis using Labsense image analysis software (Olympus). Ageing characteristics were assessed in >5 animals per group per sex. Groups were compared with nonparametric Mann-Whitney U and Kruskal-Wallis tests. FACS analysis of nuclear DNA content. Polyploidy levels were assessed based on propidium iodide (PI) fluorescence using FACS analysis 31, 32 . A small part of the left lobe (approximately 5 mm 3 ) was dissected from ad libitum-and dietary restriction-treated Ercc1 ∆/− mice (7, 11, 16 and 30 weeks, n = 5) and wild-type mice (11 weeks, n = 5), cut into small fragments and suspended in 800 μl PBS using a syringe (21G). 300 μl homogenate was added to 300 μl 100% ethanol for fixation. Samples were stored for at least 24 h before further processing. After fixation the liver homogenate was washed with ice-cold PBS and subsequently incubated with a pepsin solution for 20 min. After washing in PBS/Tween-20, cells were collected in 500 μl PBS supplemented with 5 μg/ml PI and 250 μg/ml RNase and samples were measured using the FACS (FACSCalibur, Becton Dickinson). Differences between groups were assessed with a two-way ANOVA, with age and diet as fixed factors. Micro-computed tomographic (micro-CT) quantification of bone thickness. Ad libitum-and diet-restricted mice were killed by cervical dislocation at scheduled ages, femora were excised and non-osseous tissue was removed. Two days after fixation in 4% formalin, the right femora were scanned using Skyscan 1076 in vivo X-Ray computed tomography (Bruker microCT) with a voxel size of 8.88 μm. Osseous tissue was distinguished from non-osseous tissue by segmenting the reconstructed grayscale images with an automated algorithm using local thresholds 33 . The region of interest (ROI) (the distal metaphysis of the femora) was selected using 3D data analysis software. To compensate for bone length differences, the length of each ROI was determined relative to the largest specimen femur of the cohort. The cortex and trabeculae of the metaphysis were separated using automated software developed in-house. The thickness of the trabeculae and cortices were assessed using 3D analysis software as described 34 using the CT analyser software package (Bruker microCT). A bone specimen with known bone morphometrics was included within each scan as a quantitative control. Statistical significance was calculated using one-way Anova with Bonferroni's multiple comparison test. Ex vivo vascular function. The responses of isolated aortic tissue were ex vivo measured in small-wire myograph organ baths containing oxygenated Krebs-Henseleit buffer at 37 °C. After preconstriction with 30 nmol/l U46619, relaxation concentration-response curves to acetylcholine were constructed 35 . Immunological analyses. Single-cell suspensions were prepared from spleen by passing the cells through a cell strainer with HEPES-buffered saline solution (HBSS) supplemented with 2% FBS and washed. Erythrocytes were eliminated with ACK buffer. For CD4 + CD25 + Foxp3 + staining, cells were first stained for the expression of cell surface markers and then fixed, permeabilised, and stained using the Foxp3 kit (eBiosciences) according to the manufacturer's instructions. FACS analysis was performed using FACS (Becton Dickinson) and analysed with FlowJo Software (TreeStar). Blood glucose, insulin and albumin levels. Mice were killed by CO 2 asphyxiation and blood was immediately collected from the heart. Glucose levels were measured using a Freestyle mini blood glucose metre. Insulin and albumin levels were measured in blood plasma using an ultrasensitive mouse insulin Elisa (Mercodia AB) or mouse albumin ELISA kit (Immunology Consultants Laboratory, Inc.), respectively. Insulin levels were determined after overnight fasting. Glucose levels were determined after feeding, at the beginning of the dark period. IgA measurements. Euthanasia of moribund or cross-sectional animals was performed by intramuscular injection of a ketamine-rompun mixture, followed by exsanguination 3 . IgA immunoglobulin was measured in blood serum using the commercially available bead-based multiplexed panel Mouse Immunoglobulin Isotyping (Millipore Corporation). Standard analysis protocols were followed and all samples were analysed at least in duplo. Phenotype scoring. The mice were weighed and visually inspected weekly, and were scored in a blinded manner by two experienced research technicians (R.M.C.B. and S.B.) for the onset of various phenotypical parameters. Clasping was measured by suspending mice by their tails for 20 s. A clasping event was scored when retraction of both hind limbs towards the body was observed for at least 5 s. Whole-body tremor was scored if mice were trembling for a combined total of at least 10 s when put on a flat surface for 20 s. Impaired balance was determined by observing the mice walking on a flat surface for 20 s. Mice that had difficulties in maintaining an upright orientation during this period were scored as having imbalance. If mice showed a partial loss of function of the hind limbs, they were scored as having paresis. Statistics were performed with survival-curve analysis using the product-limit method of Kaplan and Meier in GraphPad Prism. Behavioural analyses. Rotarod performance was assessed by measuring the average time spent on an accelerating rotarod (Ugo Basile). All animals were given four consecutive trials of a maximum of 5 min with inter-trial intervals of 1 h. For weekly monitoring, the motor coordination performance was measured with two consecutive trials of a maximum of 5 min. Grip strength was determined by placing mice with forelimbs or all limbs on a grid attached to a force gauge, and steadily pulling the mice by their tail. Grip strength is defined as the maximum strength produced by the mouse before releasing the grid. For each value the test was performed in triplicate. miRNA expression. The same total RNA extracts were used as extracted for mRNA analysis (above). miRNA expression levels were assessed using a miRNA micro-array (miRCURY LNA microRNA Array (7th Gen.), Exiqon). All probes with more than three calls were selected for assessing differential expression between groups. Differences in mean expression were compared using a one-way ANOVA. Probes with a FDR of 5% were considered as significantly differentially expressed. Total RNA-seq. RNA expression analysis was also performed with the nextgeneration sequencing approach on one animal per treatment as described in ref. 36 . Data pre-analysis. Raw data (CEL files) were normalized by robust multichip average (RMA) in the oligo BioConductor package, which summarizes perfect matches through median polish and collapses probes into core transcripts based on.CDF annotation file provided by Affymetrix using the R open statistical package (http://www.r-project.org/). All data files have been submitted to the NCBI gene expression omnibus under accession number GSE77495. Principal component analysis. Principal component analysis (PCA) was performed using all the probe sets in the array. A graphical representation was generated to show the relationship among the different samples. PCA is a linear projection method that defines a new dimensional space to capture the maximum information present in the initial data set. It is an unsupervised exploratory technique used to remove noise, reduce dimensionality and identify common/ dominant signals oriented to try to find biological meaning 37 . The two principal components with the highest amount of variance were plotted. PCA was performed using the prcomp package and the plot was drawn with gplots, both from the Bioconductor project (https://www.bioconductor.org/). Detection of differentially expressed genes (DEG). The linear model from Limma 38 implemented in R was used to identify the DEGs. Pairwise comparisons for each genotype between ad libitum and dietary restriction samples were applied to calculate the fold change (FC), P value and false discovery rate (FDR) for each probe in the microarray. Cut-off values for a DEG were put at FDR < 5% with FC ≥ |1.5|. For all mouse analyses, differentially expressed probes were considered as DEGs. Determination of enrichment factor and P values of overlap. Overlap between lists of DEGs was identified looking by the intersection between pair of lists. To determine if the overlap was higher than expected by chance the hypergeometric distribution was used as is implemented in phyper function in R. Additionally the factor of enrichment was calculated with the formula: EF = nAB/((nA × nB)/nC). Where: nA = Number of DEG in experimental group A; nB = Number of DEG in experimental group B; nC = Number of total genes in the microarray; nAB = Number of common DEG between A and B. Pathway analysis. Pathway enrichment analysis was conducted via overrepresentation analysis (ORA). ORA was performed in the Interactive pathway analysis (IPA) of complex genomics data software (Ingenuity Systems, Qiagen) by employing a pre-filtered list of differentially expressed genes. Genes were selected as differentially expressed if they had a fold change ≥ 1.5 and an FDR lower than 0.05. The over-represented canonical pathways were generated based on information in the Ingenuity Pathways Knowledge Base. A pathway was selected as deregulated when the P value in the Fisher test was lower than 0.01.
Additionally, IPA transcription factor (TF) analysis was performed to identify the cascade of upstream transcriptional regulators that can explain the observed gene expression changes in the different lists of DEGs. To do this, data stored in the Ingenuity Knowledge Base, with prior information on the expected effects between TF and their target genes, were used. The analysis examines how many known targets of each TF are present in the list of DEGs, and also compares their direction of change to what is expected from the literature, in order to predict likely relevant transcriptional regulators. If the observed direction of change is mostly consistent with a particular activation state of the transcriptional regulator ('activated' or 'inhibited'), then a prediction is made about that activation state. For each TF two statistical measures are computed (overlap P value and activation z-score). The overlap P value labels upstream regulators based on significant overlap between data set genes and known targets regulated by a TF. The activation z-score is used to infer the likely activation states of upstream regulators based on comparison with a model that assigns random regulation directions. Overlap P value lower than 0.05 and z-score higher than |2| were selected as thresholds to identify a TF as relevant. Gene length analysis. Limma was used to identify the DEGs among AL WT samples compared with the other experimental conditions (DR WT , AL Ercc1 and DR Ercc1 ). Next, probe-sets in the Affymetrix array with multiple gene annotation were filtered out. BiomaRt 39 was used to retrieve the gene length for the remaining probe sets (32,930 probe-sets from 45,142 probe-sets in the original microarray). Differentially expressed genes were selected using an FDR of <0.05 and a linear Letter reSeArCH fold change of ±1.5. The Shapiro-Wilk test was applied to contrast the normality of the distribution of gene length in the different lists of DEGs. Because most of the distributions were not normal, a Mann-Whitney test for non-paired samples test was used to evaluate whether the distributions of DEGs were different between the different comparisons. Finally, a relative frequency (kernel density) plot of gene length and probability density for DEG in each comparison was drawn using the density function implemented in R. Kernel density estimates are related to histograms, but with the possibility to smooth and continuity by using a kernel function. The y axis represents the density probability for a specific range of values in the x axis. Immunoblotting. Liver extracts from ad libitum-and dietary restriction-treated Ercc1 ∆/− and wild type mice (n = 6, 11 weeks) were prepared by mechanical disruption in lysis buffer (150 mM NaCl, 1% Triton X-100, 50 mM Tris), which was supplemented with mini complete protease inhibitor (Roche Diagnostics) and phosphate inhibitors (5 mM NaF, 1 mM Na-orthovanadate). After mechanical disruption, lysates were incubated on ice for 1 h and subsequently centrifuged at 4 °C for 20 min. Lysate (25-50 μg) was loaded on a 10% SDS-PAGE gel (Life Technologies LTD) and transferred to a PVDF transfer membrane (GE-Healthcare Life Sciences). Levels of S6 (#2217S Lot5; 1:2,000), S6(Ser240/244; #2215 Lot14; 1:500), Akt (#9272 Lot25; 1:500), Akt(Ser473; #9271S Lot13; 1:250) and Akt(Thr308; #9275S Lot19; 1:500) were detected (Cell Signaling Technology), semi-quantified using the ImageJ software package (http://rsb.info.nih.gov/ij/ index.html) and phosphorylated:total ratios relative to ad libitum samples were calculated. Differences between groups were assessed with a t-test. β-Actin was used as loading control (Sigma; A5441 Lot064M4789V; 1:25,000). Fig. 3e . The analysis was performed using the optical dissector probe from StereoInvestigator on a Zeiss LSM700 laser-scanning microscope. e, Representative image of cerebellum stained for γH2AX (green, doublestranded DNA breaks) and DAPI (blue, for staining DNA) in 16-weekold ad libitum (n = 3) and diet-restricted (n = 4) Ercc1 ∆/− mice. The Purkinje (PkJ) neurons are present in a single layer (PL, the purkinje layer) in between the molecular layer (ML) and granular layer (GL) 41 . Quantification of the number of γH2AX-positive PkJ-neurons is shown in Fig. 3h . The analysis was performed using a Zeiss LSM700 laser scanning microscope.
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